A cDNA clone corresponding to a gibberellin-responsive gene (CRG16) was isolated from cucumber hypocotyls. CRG16 was deduced to encode an extremely hydrophobic protein of 65 amino acids. The deduced sequence exhibited no significant homology to other proteins. Levels of CRG16 mRNA reflected the gibberellin-induced elongation of cucumber hypocotyls.
Gibberellin is an important phytohormone that is involved in the control of many aspects of plant development, such as shoot elongation, seed germination and flowering. However, little is known about the mode of action of gibberellin in most of the above processes, although some progress has been made in investigations of molecular mechanisms of the control of the synthesis of a-amylase in the aleurone layers of germinating cereal seeds (Huttly et al. 1992 , Rogers and Rogers 1992 , Rushton et al. 1992 , in which gibberellins induce the secretion of hydrolytic enzymes (Varner 1964) .
In higher plants, shoot elongation stimulated by gibberellin is the result both of the division of cells (Loy and Liu 1974) and the longitudinal expansion of cells , although the latter process makes a greater contribution to increases in plant height. The expansion of cells probably involves changes in the extensibility of cell walls. It has been shown that gibberellin causes the reorientation of cortical microtubules (MTs) to result in a predominance of transverse cortical MTs with consequent longitudinal expansion of cells (Mita and Shibaoka 1984 , Ishida and Katsumi 1991 , Sakiyama-Sogo and Shibaoka 1993 . Moreover, the synthesis of mRNA is involved in this gibberellin-induced reorientation of MTs (Kaneta et al. 1993 ).
The nucleotide sequence reported in this paper has been submitted to GSDB, DDBJ, EMBL and NCBI nucleotide sequence databases with accession number D49413.
However, in the case of gibberellin-induced elongation growth, the primary action of gibberellin has not yet been clarified at the molecular level (Chory et al. 1987 , Shi et al. 1992 , Phillips and Huttly 1994 .
We showed previously that the early-non-hydroxylation pathway that leads to GA 4 is the main pathway in cucumber shoots (Nakayama et al. 1989) and that the endogenous gibberellin that is active in the control of shoot elongation is GA4 (Nakayama et al. 1991) . In this study, we attempted to isolate cDNAs for GA^responsive genes from cucumber hypocotyls by differential screening as part of our efforts to accumulate information about the mechanisms of action of gibberellin in shoot elongation in higher plants. The nucleotide sequences of the cDNA for a GA^re-sponsive gene and of the genomic DNA are also presented, together with patterns of changes in and the organ specificity of levels of the corresponding mRNA. Attempts to isolate gibberellin-responsive genes by differential screening have also been reported by Olszewski et al. (1989) and Toyomasu et al. (1995) .
The assay for growth of cucumber hypocotyls was performed by the method of Katsumi et al. (1965) . GA 4 had the highest activity at 1 fig plant" 1 when we tested the hormone at 0.001 to lOftg plant" 1 ( Fig. la) . A significant increase in the length of the hypocotyl unit was detected 4 hours after treatment with GA 4 , and rapid elongation continued at least for 24 h after the treatment, while the increase in the length of untreated, control hypocotyl units was 0.1 mm or less (Fig. lb) .
From the results of the above bioassay, we decided to construct a cDNA library using poly(A) + RNA isolated from hypocotyls of cucumber seedlings 24 h after treatment with GA 4 (1 fig plant" 1 ). Cucumber seedlings were grown as described in the legend to Figure 1 . GA4 was applied to the shoot apex of each cucumber seedling. Hypocotyls were excised 15 mm below cotyledonary nodes 24 h after the application of GA 4 , and the resultant sections were frozen immediately in liquid nitrogen. Total RNA was extracted from the frozen sections by the phenol-SDS method described by Ausubel et al. (1989) . Poly(A) + -RNA was purified on an oligo(dT)-cellulose column (Bartels and Thompson 1983) . Double-stranded cDNAs were synthesized from this poly(A) + RNA with a cDNA synthesis kit (Amersham). A cDNA library was constructed with AZAP II (Stratagene). After in vitro packaging with a Gigapack II packaging extract (Stratagene), the phages were plated with E. coli XL 1-Blue, with a yield of 7 x 10 6 plaques ^g" 1 of mRNA. Five pairs of replica nylon membrane filters (Hybond-N; Amersham) were prepared from five plates on which there were approximately 600 plaques (3.0x 10 3 plaques were screened). The membranes were allowed to prehybridize for 3 hours at 65°C in rapid hybridization solution (Amersham) with denatured salmon sperm DNA (200 fig ml" 1 ) and then they were allowed to hybridize for 16 hours at 65 °C with cDNA fragments that had been 32 P-labeled by the Multiprime system (Amersham). The membrane was finally washed with 3 x SSC that contained 0.\% SDS for 30 min at 65°C and autoradiographed for 16 hours at -70°C with an intensifying screen (Lightning plus; DuPont). After autoradiography, plaques that produced stronger signals with the + GA 4 probe (the cDNA probe prepared from the hypocotyl sections 24 hours after treatment with GA 4 ) than with the -GA 4 probe (the cDNA probe prepared from the hypocotyl sections 24 h after treatment with 50% aqueous acetone without GA 4 ), were isolated. Screening of the cDNA library by differential hybridization finally yielded six positive clones. One of these cDNA clones, designated cCRG16, hybridized to an mRNA of approximately 550 bases. The gene corresponding to the cDNA was named CRG16. Analysis by Northern hybridization revealed that the increase in level of CRG16 mRNA upon treatment with GA 4 began earlier than that of mRNAs that corresponded to the other five cDNA clones (data not shown), and the enhancement of expression of CRG16 mRNA by exogenous GA4 was greater than that of the genes that corresponded to the other five cDNA clones. Therefore, we report here that the details of the cloning and characterization of CRG16.
To Cucumber seeds (Cucumis sativus L. cv. Spacemaster 80) were grown in vermiculite for 6 days at 25°C under continuous white light (approximately 3.2 w m~2). Each hypocotyl was marked with ink 15 mm below the cotyledonary node. This 15-mm portion of hypocotyl was named a "hypocotyl unit". A solution of GA4 (10 ix\ plant"') in 50% aqueous acetone was applied to the shoot apices of the cucumber seedlings. Five days after application of GA 4 , the lengths of the hypocotyl units were measured (a). The lengths of the hypocotyl units were also measured 0, 2, 4, 6, 8, 10, 12, 24 and 48 h after the application (b) of GA 4 . Each point represents the mean increment in the length of a hypocotyl unit ±SE for 10 replicates. Fifteen-mm sections were collected 0, 1, 3, 6, 18, 24 and 48 h after application of GA 4 . The RNA from each (S fig for each lane on the gel) was denatured and subjected to electrophoresis in a \% agarose-2.2 M formaldehyde gel. After electrophoresis, the RNA was transferred to a nylon membrane (Hybond-N; Amersham) by the standard blotting technique (Sambrook et al. 1989) . Equal loading of RNA was verified by staining with ethidium bromide of ribosomal RNAs on the gel before transfer to the membrane. The membrane was prehybridized for 3 h at 65 °C with denatured salmon sperm DNA (200/Ugml"') and then hybridized for 16 hours at 65°C with 32 P-labeled cDNA (about 1.0 x 10 6 cpm ml"'), which had been labeled by the Multiprime system or Megaprime system (Amersham), in rapid hybridization solution (Amersham). The filter was finally washed with 0.1 x SSC that contained 0.1% SDS at 65 C C. Radioactivity was recorded on an imaging plate using a Bio-Imaging Analyzer (Fujixs BAS2000; Fuji Photo Film, Tokyo). The left lane was loaded with total RNA from hypocotyls that had been harvested 24 h after treatment. Staining with ethidium bromide is shown in the lower panel, and the positions of the rRNAs (25S and 17S) are indicated on the right of the gel. Northern blot analysis was repeated with at least two independent samples on membranes. The electrophoretic mobilities of the RNAs from hypocotyls harvested 24 and 48 h after treatment with GA4 were slightly different from those of the other RNAs. This difference was probably due to impurities in the former two samples, in which levels of impurities were higher than those in the others. mRNA, we isolated total RNA from cucumber hypocotyls after treatment with GA 4 . The increase in levels of CRG16 mRNA in the cucumber hypocotyls began 1-3 h after the treatment with GA 4 (Fig. 2) . The level of CRG16 mRNA was maximal 6 hours after the treatment and decreased thereafter, but the level was still high 48 h after treatment. The level of CRG16 mRNA in the control plants did not show any significant change for 24 h after the control treatment (data not shown). The elongation of cucumber hypocotyls began about 4h after the treatment with GA 4 and rapid elongation continued for at least 48 h after the treatment (Fig. lb) . These results indicate that accumulation of CRG16 mRNA was closely related to the elongation growth of hypocotyls in cucumber seedlings.
The levels of CRG16 mRNA in various parts of cucumber seedlings 6 h after GA4 treatment and those of control seedlings were examined (Fig. 3) . The levels of mRNA were rather high in the upper part of the hypocotyl, the shoot apex and the root in the control seedlings. The level of CRG16 mRNA was strongly increased by treatment with GA 4 in the upper part of the hypocotyl and the shoot apex, with a small increase in the root also. In the lower part of the hypocotyl, the level of the mRNA was slightly increased by the treatment with GA 4 . These results indicate that accumulation of CRG16 mRNA was strongly promoted by GA 4 in the elongating regions, such as the upper part of the hypocotyl and the shoot apex. The accumula--25S -17S Fig. 3 Organ specificity of the expression of CRG16 mRNA in cucumber seedlings after treatment with GA4.
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Cucumber seedlings were harvested 6 hours after application of GA4 and divided into five sections: root, leaf, shoot apex, upper part of hypocotyl (about 7-8 mm in length) and lower part of hypocotyl (about 8-9 mm in length). A Northern blot with 511% samples of total RNA was probed with the 
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The underlining indicates a putative polyadenyla- Fig . 5 Hydropathy profile of the putative protein encoded by CRG16. The hydropathy plot was constructed as described by Kyte and Doolitte (1982) for a window size of 5 amino acid residues.
tion of CRG16mKNA was closely related to the elongation growth of hypocotyls in cucumber seedlings. An increase in the level of CRG16 mRNA in the roots in response to GA 4 was also observed. In our experiments, however, treatment with GA 4 did not have any significant effect on root elongation. Considering that plant roots require gibberellin at an extremely low level for normal growth, as compared with shoots (Tanimoto 1988) and, moreover, that rather high levels of expression of CRG16 mRNA were observed in the roots of control plants, we suggest that the roots probably contained a saturating amount of gibberellin with respect to their growth. The additional accumulation of CRG16 mRNA on treatment with GA 4 might not, thus, have affected root growth. Promotion of the growth of cucumber leaves was clearly observed in response to GA 4 (data not shown). However, the level of CRG16 mRNA remained quite low in the leaves in spite of such treatment.
To determine the nucleotide sequence of CRG16 cDNA, we prepared a series of deletion mutants of the cDNA insert in the pBluescript vector using a deletion kit (Kilo-Sequence; Takara Shuzo Co., Ltd., Otsu, Japan) in accordance with the supplier's instructions. The nucleotide sequence was determined with a Taq Dye Deoxy Terminator Cycle Sequencing Kit (Applied Biosystems) and an automated DNA sequencer (model 373A DNA sequencer; Applied Biosystems). Computer analyses of the nucleotide and deduced amino acid sequences were performed with the GENETYX software system (Software Development Co., Tokyo, Japan). The complete nucleotide sequence of the insert in cCRG16 was determined for both strands.
The results revealed that the insert of cCRG16 was 547 bp long. The nucleotide and deduced amino acid sequences are shown in Figure 4 . The cDNA contained an open reading frame of 195 bp, encoding a putative protein of 65 amino acids with a molecular mass of 6.3 kDa. The predicted amino acid sequence did not show any significant homology to any entry in the standard databases. The first ATG triplet was found at position 83 and was followed by an open reading frame. The nucleotide sequence included the canonical polyadenylation signal, AATAAA (Joshi 1987) Extracted cucumber genomic DNA was partially digested with Sau3Al and ligated to AEMBL3 arms. After in vitro packaging (Gigapack II XL; Stratagene), the phages were plated with E. coli XLl-Blue MRA(P2). The cucumber genomic library was screened by plaque hybridization. Ten replica nylon membrane niters (Hybond-N; Amersham) were prepared from 10 plates on which there were approximately 5 x 10 4 plaques. Hybridization was carried out as described above for Northern blot analysis. Each membrane was autoradiographed for 16 hours at -70°C with an intensifying screen (DuPont). The GARE-like sequence is highlighted. quence of the putative protein encoded by CRG16 had two hydrophobic regions, separated by a comparatively hydrophilic, proline-rich sequence: Pro-Ala-Pro-Pro-Pro-AlaSer-Pro (Fig. 5) . The putative CRG16 protein was rich in alanine (24.6%), valine (15.4%) and serine (15.4%), with 75% of the amino acid residues being hydrophobic. There were only three hydrophilic residues: Lys 6 , Gin 29 and Lys 64 .
Genomic DNA from frozen sections of etiolated cucumber seedlings was isolated by the method of Murray and Thompson (1980) . Cucumber genomic DNA was digested with EcoRl, BamHI and Hindlll and subjected to Southern blot analysis. The insert in cCRG16 hybridized to a single band on the DNA gel blot (data not shown). This result indicated that the cCRG16 clone probably corresponded to a single-copy gene within the cucumber genome. To determine the nucleotide sequence of genomic CRG16, we constructed an cucumber genomic library with AEMBL3 (Stratagene). After screening the genomic library with the cCRG16 insert as a probe, we isolated one genomic clone, pH102, with an insert of about 10 kbp. The pH102 clone was digested with EcoRl, and the resulting fragment, which was about 2.7 kbp long and hybridized with the cCRG16 cDNA probe, was subcloned (to yield pHE102) and sequenced. The nucleotide sequence will appear in the GSDB, DDBJ, EMBL and NCBI nucleotide sequence databases with the following accession number D78594. The results indicated that the pHE102 clone contained CRG16 (Fig. 6) . Comparison of the CRG16 genomic sequence with the CRG 16 cDNA sequence revealed that the cucumber gene contained no introns.
In the promoters of gibberellin-responsive genes for aamylase, a ay-acting gibberellin-response element (GARE) is required for enhanced transcription in the presence of gibberellin. The sequence of GARE, UTAACAUANT-CYGG (where U = purine, Y=pyrimidine, and N=any nucleotide), is highly conserved among the promoters of different genes for a-amylase. We found a GARE-like sequence, TAACAAA, in the CRG16 genomic sequence (Fig. 6) . However, we have not yet determined whether the GARE-like sequence functions as a GARE.
We have presented evidence here to show that the level of CRG 16 mRNA is closely related to the elongation of cucumber hypocotyls that is promoted by exogenous GA 4 . Further investigations of the function of CRG16 and the effects of other hormones on its expression are now in progress together with analysis of the cDNAs for other GA 4 -responsive genes.
